Background: Dominant mutations in TDP-43 cause familial ALS. Results: Longer half-lives of mutant TDP-43 proteins correlated with earlier disease onset, and stabilized TDP-43 provoked protein insolubility, cleavage, RNA dysregulation, and cytotoxicity. Conclusion: Increased stability of TDP-43 causes toxicity through abnormal proteostasis and RNA dysregulation. Significance: This is the first TDP-43 cell model based on genotype-phenotype correlation of ALS patients.
the concept of TDP-43 proteinopathy, in which nuclear TDP-43 is sequestered and accumulates in the cytoplasm of neurons and glial cells in those neurodegenerative conditions (3, 4) . Although there is a wide spectrum of TDP-43-linked diseases, more than 30 mutations in TDP-43 have been identified in familial and sporadic ALS, indicating that TDP-43 dysfunction through those mutations is somewhat specific to ALS pathogenesis (3, (5) (6) (7) .
TDP-43 is a ubiquitously expressed DNA-and RNA-binding nuclear protein, and it plays multiple roles in RNA metabolism, including pre-mRNA splicing, translational control, and regulation of mRNA stability (8) . Notably, TDP-43 has been shown to control its own mRNA stability through direct binding of TDP-43 protein (9, 10), indicating that the expression level of TDP-43 protein is tightly regulated. In mice, overexpression of wild-type TDP-43 provokes neurodegeneration (11) (12) (13) (14) , and elimination of TDP-43 leads to early embryonic lethality (15) (16) (17) . However, the mechanisms by which TDP-43 dysfunction contributes to neurodegeneration have not yet been elucidated. The key unresolved questions in understanding ALS pathomechanisms are whether ALS-causing TDP-43 mutant proteins have different properties from the wild-type protein and, if so, what these mutant properties are.
Full-length TDP-43 and the C-terminal portion carrying ALS-causing mutations show an increased propensity for aggregation in yeast (18) and mammalian cells (19, 20) . GFPfused TDP-A315T protein shows an increased tendency to mislocalize to the cytoplasm and produce higher toxicity to primary neurons than wild-type TDP-43 (21) . In terms of protein stability, three ALS-linked mutant proteins were found to have longer half-lives than wild-type TDP-43 in non-neuronal cells (22) . Because mice overexpressing either wild-type or ALSlinked mutant TDP-43 transgenes under authentic or heterologous promoters have exhibited varying degrees of motor impairment or neurodegeneration, whether TDP-43 toxicity is substantially enhanced by the ALS-related mutations remains unclear (4, 23) . Furthermore, there is accumulating clinical information from familial ALS patients with TDP-43 mutations. However, whether the ages of disease onset or the dura-tion of familial ALS patients and the biochemical properties of mutant TDP-43 proteins are correlated is also unknown.
In this study, we aimed to identify biochemical properties that are common to disease-causing TDP-43 mutations and correlated with the age of onset or disease progression. We found that longer half-lives of mutant proteins correlated with accelerated disease onset. Based on this finding, we established a new cell model in which increased stability of wild-type TDP-43 proteins provoked dysregulation of TDP-43 mRNA and impaired proteasome activity and cytotoxicity. Furthermore, our cell models recapitulated TDP- 43 properties that have been observed in sporadic ALS as follows: protein cleavage and insolubility to the detergent Sarkosyl (1, 2) . These findings suggest that chronically increased stability of mutant TDP-43 protein leads to neurodegeneration in familial TDP-43-linked ALS.
EXPERIMENTAL PROCEDURES

Construction of Human TDP-43 and Other Expression
Vectors-Human TDP-43 (hTDP-43) DNA fragment was amplified using a HEK293 cDNA library with a pair of oligonucleotides (forward, 5Ј-NNNNGCGATCGCCACCATGTCTG-AATATATTCGGGTAACCGAA-3Ј, and reverse, 5Ј-NNNN-GTTTAAACCTACATTCCCCAGCCAGAAGACTTAGAA-TCC-3Ј, where N represents the four-nucleotide mixture, and underlines indicate SgfI and PmeI sites, respectively), and cloned into the SgfI-PmeI site of the mammalian expression vector pF5K CMV-neo Flexi (Promega) to generate pF5K-hTDP-43. Familial ALS-linked mutations were introduced by site-directed mutagenesis. The mutants of NLS (NLS1/2) and NES (NES1/2) were generated by the same method as above, resulting in TDP-43 K82A/R83A/K84A/K95A/K97A/R98A (⌬NLS1/2) and TDP-43 I239A/L243A/L248A/I249A/I250A (⌬NES1/2) (24). To measure the exon skipping activity of hTDP-43, pF5K-hCFTR exon9 was constructed with modification of pTG11T5-hCFTR exon9 (a gift from Dr. Francisco Baralle, International Centre for Genetic Engineering and Biotechnology, Italy) (25, 26) . A DNA fragment covering an entire mini-gene, including CFTR exon9, was amplified with pTG11T5-hCFTR exon9 as template and a synthetic oligonucleotides pair (forward, 5Ј-NNNNGCGATCGCCACCATGTTCCTGTCCTTCCCCAC-CACCAAG-3Ј, and reverse, 5Ј-NNNNGTTTAAACTTTATT-GGCCACCGAGGCTCCAGCTTAACG-3Ј, where N indicates the four nucleotides mixture, and underlines indicate SgfI and PmeI sites, respectively). Amplified DNA fragment was purified and cloned into SgfI-PmeI site of pF5K CMV-neo Flexi.
To construct the FK-binding protein-destabilized domain (DD)-fused hTDP-43 expression vector (DD-hTDP-43), the hTDP-43 fragment was amplified by pF5K-hTDP-43 as a template and synthetic oligonucleotides pair (forward, 5Ј-GGACTCAGATCTCGAGcttctgaatatattcgggtaaccgaag-3Ј, and reverse, 5Ј-TCTAGAGTCGCGGCCGCctacattccccagccagaagact-3Ј, where capital letters indicate a linker sequence for In-Fusion reaction (Clontech)). The amplified fragment was purified and introduced to the XhoI and NotI site of pPtuner-IRES2 (Clontech) through In-Fusion reaction according to the manufacturer's procedure. To visualize DD-fused hTDP-43, a DD-mCherry-fused hTDP-43 expression vector was constructed. Human TDP-43 fragment was amplified with pF5K-hTDP-43 as a template and the oligonucleotide pair (forward, 5Ј-CGGGGTACCTCTGAATATATTCGGGTAACCGAAG-ATG-3Ј, and reverse, 5Ј-CGCGGATCCCTACATTCCCCAG-CCAGAAGACTTAGAATCCA-3Ј, where underlines represent KpnI and BamHI sites, respectively). The amplified fragment was purified and inserted into KpnI and BamHI sites of pmCherry-C1. The mCherry-fused TDP-43 fragment was amplified with pmCherry-hTDP-43 as a template and a pair of oligonucleotides (forward, 5Ј-GGACTCAGATCTCGAGctgtgagcaagggcgaggaggataaca-3Ј, and reverse, 5Ј-TCTAGAGTCGCGGCCGCctacattccccagccagaagact-3Ј, where capital letters indicate a linker sequence for In-Fusion reaction). Amplified fragment was purified and cloned into XhoI and NotI site of pPtuner-IRES with In-Fusion reaction.
The Ub G76V -AcGFP vector to monitor proteasome activity (27) was generated as follows. Human ubiquitin fragment was amplified by the HEK293 cDNA library and synthetic oligonucleotides pair (forward, 5Ј-CTAGCTAGCTAGCG-CCACCATGCAGATTTTCGTG-3Ј, and reverse, 5Ј-CCG-CTCGAGCTTACCCTTACCCTTACCTACTACACCAC-GAAGTCTCAACACAAGATGAAGAGTAGACTC-3Ј, where underlines indicate NheI and XhoI sites, respectively, and boldface letters indicate mutation in human ubiquitin and linker sequence for effective degradation). DNA fragment was purified and cloned into NheI and XhoI sites of pAcGFP-N1 (Clontech).
Reagents and Antibodies-Reagents were obtained from the following suppliers: Shield1 (Clontech); MG132 (Peptide Institute Inc., Japan); wortmannin, rapamycin, and bafilomycin A1 (Sigma). The following antibodies were used for this study: antihuman TDP-43 monoclonal antibody (2E2-D3; Abnova, Taiwan); anti-GAPDH monoclonal antibody (Millipore); antiAcGFP monoclonal antibody (Clontech); anti-TDP-43 C-terminal polyclonal antibody (Cosmo Bio Co. Ltd., Japan); anti-p62/SQSTM polyclonal antibody (MBL, Japan), and anti-LC3 polyclonal antibody (MBL).
Cell Culture and Transfection-Neuro2a cells were grown in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 100 units/ml penicillin G, and 100 g/ml streptomycin (Invitrogen). For chemical pulse-chase experiments, methionineand cysteine-free DMEM was supplemented with 0.2 mM L-cysteine-2HCl (Sigma), 1 mM sodium pyruvate (Invitrogen), GlutaMAX TM (Invitrogen), and dialyzed fetal bovine serum (FBS). Neuro2a cells were transiently transfected with Lipofectamine TM 2000 or Lipofectamine TM LTX (Invitrogen) according to the manufacturer's protocol. Transfected Neuro2a cells were differentiated in all experiments using the following protocol unless otherwise indicated. Four to 6 h after transfection, the culture medium was replaced with fresh advanced DMEM/F12-GlutaMAX (Invitrogen) containing 1% FBS and 2.5 mM Bt 2 cAMP (dibutyryl cyclic AMP, Nacalai Tesque, Japan), and cells were further incubated for 24 h to induce differentiation (28) .
Immunoblotting-Protein samples were separated by a 5-20% gradient gel (ATTO, Japan) electrophoresis and transferred to PVDF membranes (Millipore). Membranes were blocked with 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) and then incubated with primary antibody in PBS containing 1% BSA and 0.1% Tween 20, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (GE Healthcare). Membranes were visualized with SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) according to the manufacturer's instructions.
Pulse-Chase Assay by Chemical Labeling of Newly Synthesized Proteins-Newly synthesized proteins were chemically labeled by a click reaction. Neuro2a cells (6 ϫ 10 5 cells) in 6-well plates were transiently transfected with 2 g of DNA and Lipofectamine TM 2000. After 4 h of incubation, cells were differentiated with 2.5 mM Bt 2 cAMP for 12 h and then incubated with dialyzed FBS-and methionine-free DMEM supplemented with 2.5 mM Bt 2 cAMP for 10 h to eliminate intracellular methionine. Newly synthesized proteins were pulse-labeled with a methionine analog, AHA (L-azidohomoalanine, Invitrogen), for 4 h, followed by an arbitrary time chase with DMEM/F-12 GlutaMAX TM medium (Invitrogen) supplemented with 10% FBS and 2.5 mM Bt 2 cAMP. After pulse-chase labeling, cells were lysed using 50 l of 50 mM Tris-HCl (pH 8.0), 1% SDS, 20 units of benzonase (Novagen), and 2ϫ complete protease inhibitor (Roche Applied Science). The cell lysate was boiled for 5 min and then centrifuged at 15,000 ϫ g for 5 min to eliminate cell debris. This clear lysate was reacted with biotin alkyne (PEG4 carboxamide-propargyl biotin, Invitrogen) in the presence of CuSO 4 for 20 min at room temperature. In this reaction, AHA-labeled proteins were modified by PEG-biotin through the azo group. To terminate this reaction, proteins were precipitated using methanol/chloroform. Following immunoprecipitation using an anti-TDP-43 C-terminal antibody under denaturing conditions, AHA-labeled TDP-43 protein was visualized by high affinity HRP-conjugated streptavidin (Thermo Scientific).
Immunoprecipitation under Denaturing Conditions-Immunoprecipitation under denaturing conditions was carried out as described previously (29) . Briefly, a protein sample precipitated by methanol/chloroform was diluted with 1 ml of buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2% Triton X-100, 1 mM EDTA, and 2ϫ complete protease inhibitor. An antibody directed against the TDP-43 C terminus was added to the resultant supernatant, and the mixture was incubated for 18 h at 4°C. Protein G-Sepharose (30 l, GE Healthcare) was added, and then the sample was gently mixed for 60 min at room temperature. After centrifugation at 700 ϫ g for 1 min, the resultant pellets were sequentially washed with 0.5 ml of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1% Triton X-100 followed by 0.5 ml of 50 mM Tris-HCl (pH 7.5), 0.5 M NaCl, and 0.05% SDS. The washed protein G-Sepharose was resuspended in 30 l of SDS sample buffer and then boiled for 5 min. This sample was centrifuged at 1,000 ϫ g for 5 min, and the resultant supernatant was then separated by SDS-PAGE. AHAlabeled TDP-43 was detected by high affinity HRP-conjugated streptavidin.
Detergent Solubility-Neuro2a cells were transiently transfected and differentiated by the above-mentioned method. Transfected cells were washed with PBS buffer three times and then collected by centrifugation at 1,000 ϫ g for 5 min. Cells were lysed with 1% Triton X-100 (Sigma) in PBS buffer containing 1ϫ complete protease inhibitor mixture (Roche Applied Science) and then incubated on ice for 10 min. This sample was separated by centrifugation at 20,000 ϫ g for 10 min. The resultant supernatant was defined as the Triton X-100-soluble fraction. The pellet was solubilized by the same volume of 1% Sarkosyl (N-lauroylsarcosine, Sigma) in PBS buffer supplemented with 1ϫ complete protease inhibitor mixture and then incubated on ice for 10 min. This sample was fractionated by centrifugation at 20,000 ϫ g for 10 min. The resultant supernatant was defined as the Sarkosyl-soluble fraction, and then the final pellet was dissolved in 2% SDS in PBS buffer. The final pellet was defined as the Sarkosyl-insoluble fraction. The same volume of each fraction was separated by SDS-PAGE, and exogenous hTDP-43 was detected by an anti-human TDP-43 antibody. The immunoblotting results were quantified, and the percentage of TDP-43 contained in the Sarkosyl-insoluble fraction was calculated from the TDP-43 in all fractions.
Subcellular Fractionation-Neuro2a cells seeded in 6-well plates were transiently transfected by 0.5 g of hTDP-43 expression vector and 1.25 l of Lipofectamine TM LTX (Invitrogen), followed by differentiation for 24 h. Transfected cells were sequentially solubilized by ProteoExtract TM subcellular proteome kit (Merck). Cytoplasm, endoplasmic reticulum/mitochondria, and nuclear fractions were isolated by sequential solubilization and centrifugation according to the manufacturer's protocol. Exogenous hTDP-43 in each fraction was analyzed by SDS-PAGE. The ratio of nuclearly localized TDP-43 per total TDP-43 was calculated by the intensity of the bands detected by luminescent image analyzer (LAS-4000 Mini, Fujifilm, Japan).
TDP-43-stabilized Cell Models and Imaging-Neuro2a cells were transfected with a plasmid encoding a DD-fused TDP-43 (DD-TDP-43). Six hours after transfection, cells were differentiated with advanced DMEM/F12-GlutaMAX supplemented with 1% FBS and 2.5 mM Bt 2 cAMP for 24 h, and 0.5 M Shield1 was added for the indicated time until the cells were harvested for analysis. For imaging analysis, Neuro2a cells were cultured on Lab-Tek II-CC2-coated Chamber slides (Nunc), transfected with a DD-mCherry-hTDP-43 expression vector using Lipofectamine TM 2000, differentiated, and stabilized with Shield1 as described above. The cells were fixed with 4% paraformaldehyde/phosphate buffer at the indicated time and stained with 2 g/ml Hoechst 33342 (Invitrogen) for 15 min. The images were obtained by a confocal microscope (LSM5 Exciter, Carl Zeiss). To quantify the cells with DD-TDP-43 localized to the nucleus, more than 100 cells expressing DD-mCherry-TDP-43 per time point from three independent experiments were counted.
Cytotoxicity Analysis by FACS-Neuro2a cells seeded on 6-well plates were transfected with 2 g of nontagged or DD- Quantification of mRNA Levels by PCR-Total RNA was extracted from Neuro2a cells using TRIzol (Invitrogen) and RNeasy mini kit (Qiagen) according to manufacturer's instructions. cDNA was generated from 1 g of total RNA using PrimeScript II first strand cDNA synthesis kit (Takara Bio, Japan), and 1/20th of the resulting cDNA was amplified with SYBR Premix Ex TaqII (Takara Bio) in a Thermal Cycler Dice Real Time System II (Takara Bio) under the following conditions: 1 cycle, 95°C, 30 s; 50 cycles, 95°C, 5 s and 60°C, 30 s. Each sample was run in triplicate together with mouse gapdh control. Specific primers were mouse TDP-43 forward, 5Ј-aatcagggtgggtttggtaaca-3Ј, and mouse TDP-43 reverse, 5Ј-gctgggttaatgctaaaagcac-3Ј, which were adopted from PrimerBank at Massachusetts General Hospital (PrimerBank ID, 21704096a1), and mouse GAPDH forward, 5Ј-tgtgtccgtcgtggatctga-3Ј, and mouse GAPDH reverse, 5Ј-cctgcttcaccaccttcttga-3Ј. Exon Skipping Assay-The exon skipping activity of hTDP-43 was determined by RT-PCR as described previously (19, 25) . Neuro2a cells were co-transfected with 2.0 g of pF5K-hTDP-43 DNA and 0.5 g of pF5K-CFTR exon9 plasmids and differentiated for 24 h. Transfected cells were washed with PBS three times and then collected by centrifugation at 700 ϫ g for 10 min. Total RNA was extracted from this cell pellet using an RNeasy mini kit (Qiagen). cDNA was synthesized by reverse transcription using 2.5 g of total RNA and oligo(dT) 18 primer. CFTR exon9 fragments were amplified by cDNA and synthetic oligonucleotide pairs (␣-2, 5Ј-caacttcaagctcctaagccactgc-3Ј, and Bra, 5Ј-taggatccggtcaccaggaagttggttaaatca-3Ј) in PCR, and PCR products were separated by 2% agarose gel. The exon skipping activity was calculated by the ratio of spliced PCR products per nonspliced ones.
Clinical Information and Statistics-Patient data from published articles describing TDP-43-linked familial ALS cases were summarized and confirmed with Amyotrophic Lateral Sclerosis Online Genetics Database and Alzheimer Disease and Frontotemporal Dementia Mutation Database (VIB Department of Molecular Genetics of the University of Antwerp, Belgium). Correlation of biochemical data with age of onset and disease duration was carried out by determination of Spearman rank correlation coefficient and significance. (Fig. 1A) , we chose to analyze seven familial ALS-linked TDP-43 mutations, for which detailed clinical information was available from a significant number of patients (more than four patients) (Fig. 1A , shown in red; Table 1 , shown in boldface type). The half-lives of all mutant proteins (t1 ⁄ 2 ϭ 15.9 -50.6 h) were consistently longer than that of wild-type protein (t1 ⁄ 2 ϭ 12.6 h) (Fig. 1, B and C) . To examine whether stability of the mutant proteins correlates with patients' clinical course, we collected the available clinical information for ALSlinked familial TDP-43 mutations (Tables 1 and 2) . Importantly, the patients carrying mutations with longer half-lives had earlier disease onset (p ϭ 0.00252; Fig. 1D ). No correlation, however, was observed between protein half-lives and duration of disease (Fig. 1E) . Examination of the half-lives of localization mutants revealed that TDP-43 with mutations in the nuclear export signal (⌬NES1/2) exhibited an extremely long half-life (t1 ⁄ 2 Ͼ55 h), whereas proteins with mutations in the nuclear localization signal (⌬NLS1/2) were less stable than wild-type protein (t1 ⁄ 2 ϭ 5.2 h) (Fig. 1, B and C (Fig. 2A) . Most mutant proteins exhibited lower Sarkosyl solubility than wild-type TDP-43 (Fig. 2, B and C) . The subcellular localization of TDP-43 proteins was also analyzed (Fig. 3) . The ratio of nuclear to total TDP-43 was measured in wild-type and mutant proteins, revealing that mutant TDP-43 demon- strated a slightly decreased tendency to localize to the nucleus than wild-type protein (Fig. 3B) . We then examined whether these biochemical properties correlated with the age of disease onset and disease duration of the patients carrying familial ALS-linked TDP-43 mutations (Table 1) . We analyzed data from all mutations or from mutations affecting more than four patients, and neither relative tendency to Sarkosyl insolubility nor relative ratio of nucleus-localized TDP-43 was correlated with age of onset or duration of disease (Figs. 2C and 3C) . Notably, ectopic expression of TDP-43 marginally induced cleavage of the protein, and no remarkable difference in the degree of phosphorylation was observed between wild-type and mutant TDP-43 proteins under our experimental conditions (data not shown).
RESULTS
Early Disease Onset Correlates with Stability of Mutant TDP-43 Proteins in Familial ALS-Protein
Increased Stability of TDP-43 in Cells Leads to Protein Cleavage, Detergent
Insolubility, and Cytotoxicity-Because increased stability of the proteins was observed consistently in ALS-linked TDP-43 mutants and protein stability was correlated with earlier disease onset, we next examined whether TDP-43 proteins with increased stability indicated altered biochemical and functional properties. To control the stability of TDP-43 proteins, we added a destabilizing domain of the FKbinding protein to the N terminus of TDP-43 (DD-TDP-43). DD-fused proteins become very unstable and are quickly degraded via the ubiquitin-proteasome pathway (t1 ⁄ 2 ϭ 15-30 min). However, when a membrane-permeable small compound called Shield1 is added, DD-fused proteins are stabilized (30) (Fig. 4A) . When we stabilized DD-TDP-43 in the presence of Shield1, cleavage of TDP-43 protein and insolubility to the detergent Sarkosyl were markedly enhanced in a time-dependent manner (Fig. 4, B-D) . The majority of cleaved TDP-43 product was detected in the Sarkosyl-insoluble fraction (Fig. 4 , C and D). Short term accumulation of DD-TDP-43 behaved similarly to the wild-type protein with respect to protein solubility and subcellular localization (Fig. 4, E and F 43 (B, right) . Mean values from three independent experiments were used to calculate a relative tendency of Sarkosyl insolubility. Mean onset (C, upper panels) and duration (C, lower panels) of all familial ALS-linked mutations (C, left panels) or mutations in a significant number of patients (more than four) (C, right panels) were plotted against the relative ratios of Sarkosyl insolubility. The significance of correlation was evaluated by the probability (p value) shown in each graph. y.o., years old. (Fig. 4, G and H) . Finally, to examine the subcellular localization of stabilized TDP-43, we monitored the behavior of transfected DD-mCherry-TDP-43 protein (Fig.  5A ). In the presence of Shield1, the expression level of stabilized DD-mCherry-TDP-43 protein was increased in a timedependent manner (Fig. 5B) . Most of the stabilized DD-mCherry-fused full-length TDP-43 was localized to the nucleus (Fig. 5, B-H) , with nuclear aggregates in some cases (Fig. 5, F and G) , suggesting that accumulation of stabilized TDP-43 in the nucleus was an important factor producing toxicity to neurons.
Accelerated ALS Disease Onset with Stable TDP-43 Mutations
Dysregulation of TDP-43 mRNA Induced by Stabilized Wildtype TDP-43-Because TDP-43 has many roles in RNA metabolism, we examined whether TDP-43 stabilization affected the intrinsic functions of the protein in RNA regulation, such as autoregulation of TDP-43 mRNA (9, 10). In differentiated neuronal cells, autoregulatory activity of wild-type TDP-43 was assessed by measuring the level of endogenous mouse TDP-43 mRNA using quantitative reverse transcription-PCR (Fig. 6A) . In the presence of exogenous hTDP-43 protein, levels of endogenous TDP-43 mRNA were decreased in a dose-dependent manner (Fig. 6, A-C) . However, stabilized TDP-43 caused dysregulation of TDP-43 mRNA as compared with normal TDP-43 protein (0.1; black bars), with a similar protein level to DD-TDP-43 at 32 and 48 h (white bars; Fig. 6, A and B) . By contrast, TDP-43 proteins with disease mutations retained their exon skipping activity on the CFTR mini-gene, which is another well characterized function of TDP-43 (8) , performing comparably to wild-type TDP-43, which indicated that mutants did not lose this function (Fig. 7, A-C) .
Stabilized TDP-43 Impairs Proteasome Activity-Determining whether accumulation of stabilized TDP-43 proteins affects proteostasis in neuronal cells is of great interest, because dysregulation of proteostasis is widely involved in the pathomechanisms of many neurodegenerative diseases. To monitor proteasome function, we constructed an expression vector encoding mutant ubiquitin-fused AcGFP (Fig. 8A) . The ubiquitin-proteasome pathway rapidly degrades mutant Ub G76V -fused proteins (27) . When we stabilized TDP-43, proteasomal function as measured by accumulation of Ub G76V -AcGFP was impaired in a time-dependent manner (Fig. 8, B and C) . The proteasomal impairment was observed specifically in the presence of stabilized TDP-43 (Fig. 8D) .
Finally, we monitored the fate of cleaved TDP-43 products, which prominently appeared in the presence of stabilized TDP-43. The levels of cleaved products migrating to ϳ30 and 25 kDa were substantially increased in the presence of the proteasome inhibitor MG132 or epoxomicin (Fig. 8E, left panel) . By contrast, the amounts of those cleaved products were marginally affected when autophagy was inhibited or induced by the addition of wortmannin or rapamycin, respectively. When the lysosomal degradation pathway was inhibited in the presence of bafilomycin, the amount of 30-kDa cleaved product was slightly increased (Fig. 8E,  right panel) . Collectively, our results indicated that cleaved TDP-43 proteins were mainly degraded by the ubiquitin-proteasome pathway rather than an autophagy-lysosomal pathway, and the accumulation of cleaved proteins in the presence of stabilized TDP-43 was likely due to proteasomal impairment. E, solubility of TDP-43 to the detergents was examined by the same method shown in Fig. 2 . S1, 1% Triton X-100-soluble fraction; S2, 1% Sarkosyl-soluble fraction; P, 2% SDS-soluble fraction. F, subcellular localization of TDP-43 was analyzed by the same method shown in Fig. 3 . Fraction 1, 2, and 3 indicate cytoplasm, endoplasmic reticulum/mitochondria, and nuclear fraction, respectively. E and F, each fraction was analyzed by immunoblotting using antibody against the TDP-43 C terminus (TDP-43_C). 
DISCUSSION
Our attempt to identify the biochemical properties specific to disease-causing TDP-43 mutant proteins revealed that mutant TDP-43 proteins uniformly acquire longer half-lives than wild type. Importantly, ALS patients carrying mutant TDP-43 with a longer half-life show earlier disease onset, suggesting that increased stability of mutant TDP-43 could be a key phenomenon underlying mutant toxicities. Moreover, selective stabilization of wild-type TDP-43 in neuronal cells recapitulates biochemical characteristics of TDP-43 proteins in ALS tissue and elicits dysregulation of TDP-43 mRNA, proteasomal impairment, and cytotoxicity, providing a novel cell model for TDP-43 proteinopathy.
The most striking finding in our study was that familial ALS patients carrying mutant TDP-43 with a longer half-life show earlier disease onset using seven representative familial TDP-43 mutations expressed in differentiated neuronal cells. This result is consistent with a previous study reporting that three TDP-43 mutants have longer half-lives in nonneuronal cells (22) . To our knowledge, our study is the first report to describe a genotype-phenotype correlation in mutant TDP-43-carrying ALS patients based on the biochemical properties of mutant proteins, and it provides convincing evidence that the increased stability of mutant proteins plays a role in their toxicities and acceleration of disease onset. Several groups investigated the relationship between the biochemical characteristics of mutant proteins and the clinical course of human ALS patients with Cu,Zn- superoxide dismutase (SOD1) mutations, which are well known causes of inherited ALS. These studies elucidated that protein instability and higher aggregation propensity were determinants of disease progression (31) (32) (33) . Although the number of patients carrying TDP-43 mutations is relatively small, our observation contrasts well with the cases of familial ALS with SOD1 mutations, because instability of mutant SOD1 correlates with accelerated disease progression, rather than age of disease onset (32) . According to our previous finding that disease onset is determined by the toxicity within motor neurons in mutant SOD1 models (34) , mutant TDP-43-mediated toxicity may be provoked mainly in motor neurons.
Several reports have demonstrated that overexpression of TDP-43 in cultured cells provokes toxicity to different degrees (20, 35) . In these studies, protein cleavage and Sarkosyl insolubility were not clearly observed. By contrast, increased stability specific to DD-TDP-43 convincingly reproduced protein cleavage and decreased solubility to Sarkosyl, as well as dysregulation of TDP-43 mRNA. In our stabilized TDP-43 cell models, 30-and 25-kDa C-terminal fragments were major components of the Sarkosyl-insoluble fraction as is consistent with our prior observation of the C terminus being a core of TDP-43 aggregates in vitro (36) . Furthermore, stabilized TDP-43 impaired proteasomal function, with accumulation of 30-and 25-kDa cleaved fragments that were normally degraded by the proteasome. Our observation of stabilized TDP-43 impairs proteasome function rather than autophagy and is consistent with a recent report demonstrating that proteasome impairment, not an autophagy failure, leads to motor neuron degeneration in mice (37) . Taken together, our results suggest that accumulation of misfolded C-terminal cleaved fragments of TDP-43 may disturb proteasome-mediated degradation, which may be one of the cytotoxic effects of misfolded TDP-43 species linked to the pathomechanisms of ALS and frontotemporal lobar degeneration.
Furthermore, our study suggests that a "dose effect" of TDP-43 plays a role in TDP-43-mediated neurodegeneration. Stabilized TDP-43 protein with a longer half-life may cause misregulation of its own mRNA, resulting in dysregulated translation of TDP-43 protein, which is misfolded, cleaved, and accumulated. Such a dose effect of TDP-43 protein is consistent with a recent observation of induced pluripotent stem cell-derived neurons from a TDP-43 mutation-carrying ALS patient expressing 2-4-fold higher levels of TDP-43 protein (38) . Taken together, these results suggest that stabilized mutant TDP-43 with a longer half-life likely provokes a gain of toxicity leading to neurodegeneration. Because numerous RNA targets for TDP-43 have been identified through high throughput deep sequencing (10, 39, 40) , TDP-43 mutants may also cause neurodegeneration through dysregulation of other mRNAs.
Finally, an important question remains regarding what subcellular compartment harbors the TDP-43 protein toxicity. Full-length TDP-43 protein carrying a mutation in the NLS was localized to the cytoplasm and had a shorter half-life than wild FIGURE 7 . Exon skipping activity is preserved in familial ALS-linked mutant TDP-43. A, schematic drawing of CFTR mini-gene construct, which was developed with a modification of pTG11T5-hCFTR exon9, was illustrated (A, left). The size of PCR product after reverse transcription including (ϩ) or excluding (Ϫ) exon9 is ϳ420 or 240 bp, respectively (A, right). B, Neuro2a cells were transiently co-transfected with both hTDP-43 and hCFTR mini-gene expression plasmids and then differentiated with Bt 2 cAMP. Total RNAs were extracted from transfected cells, and cDNAs of hCFTR mini-gene including or excluding exon9 were amplified by the indicated primer pair (a2, Bra) after reverse transcription. The amplified PCR products were separated by electrophoresis using 1.5% agarose gel (B, top). To confirm expression levels of hTDP-43, total protein extracts were analyzed by immunoblotting using antibodies for human TDP-43 (B, middle) and GAPDH (B, bottom). M.M., molecular marker. C, amounts of hCFTR PCR products, excluding exon9 in B, compared with wild-type TDP-43-transfected cells were plotted. Mean values from three independent experiments were plotted, and error bars represent S.E. type (Fig. 1, B and C) . The C-terminal fragment of TDP-43 has also been characterized as unstable in cultured cells (41) . By contrast, TDP-43 with an NES-deficient mutation, in which protein export from the nucleus is disturbed, has an extremely long half-life, similar to the proteins harboring disease-causing mutations (Fig. 1, B and C) . We speculate that the disease-causing mutants with longer half-lives initially produce unidentified toxicity in the nucleus, perhaps including dysregulation of mRNAs, which chronically elevates expression levels of TDP-43 protein to ultimately result in protein misfolding, cleavage, and aggregation.
In summary, we discovered that accelerated disease onset in the familial ALS patients is correlated with TDP-43 mutations that increase protein half-life. We also established a new cell model to control the stability of TDP-43 that offers insight into the disease mechanism and significance of protein stability. Increased stability of TDP-43 provokes protein misfolding, leading to insolubility to detergents, protein cleavage, proteasomal impairment, and cytotoxicity. Identifying mechanisms through which ALS-linked mutant TDP-43 is stabilized, including abnormal protein interactions with other ALS-linked proteins, such as fused in sarcoma (22) , or as-yet unidentified proteins, will be crucial to uncovering the pathological triggers of neurodegeneration in ALS.
